INTRODUCTION
Ribosomes are complex and dynamic ribonucleoprotein assemblies, which provide the framework for protein biosynthesis in all organisms (see for review [1] [2] [3] [4] . One of the most remarkable features of the large subunit of the ribosome is the presence of a highly flexible protuberance called the stalk (see for review [5] [6] [7] [8] .
Various conformations of the stalk are thought to reflect different functional states of the ribosome, which are essential for tRNA binding and translocation of peptidyl-tRNA from A-to P-site. In prokaryotes the stalk includes a highly conserved acidic 12-kDa protein L7/L12 (L7 is the N-terminal acetylated form of L12), which is present in four copies as two dimers associated with other ribosomal components via protein L10. Both L7/L12 dimers are necessary for optimal rates of protein synthesis and proper function of elongation factors, but a single dimer is sufficient for ribosomal activity (9) . Spatial contacts of the L7/L12 stalk with elongation factors * G and Tu (EF-G and EF-Tu) were observed by electron cryomicroscopy (10, 11) , in keeping with the importance of L7/L12 for either factor binding to ribosome or stimulation of factor-depended GTPase activity (12) . Moreover, conformational changes in L7/L12 were revealed by limited proteolysis upon EF-G and EF-Tu binding with GTP or GDP to ribosome (13) . Current X-ray crystallographic analysis failed to resolve the fine dimer in solution has shown α-helical hairpin conformation of NTD (16, 19) . Recently the crystal structure of isolated L12 from the hyperthermophilic bacterium Thermotoga maritima with two full-length molecules and two proteolysed N-terminal fragments associated into tetramer in the asymmetric unit was reported (24) . The T.
maritima protein L7/L12 is highly homologous to the E. coli counterpart with 64.7% sequence identity. In contrast to the parallel arrangement of the subunits in the dNTD assumed earlier (16) , this crystal structure reveals antiparallel arrangement. Another important finding is that in crystal the hinge region of the full-length molecules is contracted into long α-helix which folds back on the NTD forming a compact overall protein structure, whereas the restricted hinge regions of the L12 fragments adopted elongated, unstructured conformations (24) . Moreover, the hinge regions from the full-length molecules bind to each other, which results in additional intermolecular contacts between the N-and C-terminal domains in the crystalline L12
tetramer. Thus the protein L7/L12 in crystal has a very compact structure different from the solution model in which the N-and C-terminal domains are separated by a stretched and flexible hinge region (19) . However, the high-resolution structure of protein L7/L12 in solution was not obtained to date and the molecular details of function of this protein during the translation process are still not fully understood. In the present study, we have determined the spatial structure and characterized the internal dynamics of protein L7 from Escherichia coli in solution by heteronuclear NMR spectroscopy. Based on this information along with the available structural and biochemical data a model of L7/L12 molecular switching during the translation process is proposed. This provides useful insights into the role of protein L7/L12 in the functioning of the ribosome.
EXPERIMENTAL PROCEDURES
NMR Spectroscopy -NMR experiments were performed on 600 MHz N resonances (BMRB accession number 4429) and determine the L7 secondary structure are documented elsewhere (16) . During the course of NMR data collection, there were no detectable changes in NMR spectra due to spontaneous proteolysis of L7 dimer (25) . The interproton distance restraints used in this work for L7 structure calculation were obtained from three-dimensional 1 H-15 N NOESY-HSQC (60 ms mixing time) experiment featuring pulsed-field gradient coherence selection, sensitivity enhancement and flip-back pulse for minimizing saturation of water (26). Two-dimensional NOESY (60 ms mixing time) spectrum acquired for the D 2 O sample was also used as an additional source to the structure information concerning aromatic rings of phenylalanine residues. Dihedral angle restraints were estimated from homonuclear 3 N} NOE higher than 0.6 (47) are 9.45±0.25 and 7.28±0.76 ns for the N-and C-terminal domains, respectively. Using the empirical dependence of the overall correlation time on the number of residues in globular proteins (44) one can estimate that the dNTD and each of the CTDs of the L7 dimer, having a total of 240 residues, tumble at the same rates as compact proteins of 152 and 115 residues, respectively. These values exceed the actual molecular sizes of the dNTD and the CTD by about 88 and 46 residues, respectively. Hence, the interaction of CTD-dNTD-CTD over long flexible hinge regions gives almost equal "overweight" by 45 residues to the size of the NTD (residues 1-32) and the CTD (residues 52-120). This proves our choice of the domain boundaries to within a few amino acids. Thus, according to the overall structure of L7/L12 in solution (19) where it forms a stable dimer with subunits interacting by the NTDs, one can suggest a model for its rotational diffusion assuming that L7/L12 dimer behaves as a set of three almost independent domains linked by flexible hinges. Namely, the dNTD of L7/L12 dimer behaves as a core unit, whereas two mutually independent CTDs diffuse as wings weakly interacting with the core. That is in agreement with the previous results of NMR and fluorescence polarization measurements suggesting that a hierarchy of motions exists in the L7/L12 molecule including facile motions of the dNTD and the two CTDs, in addition to the overall tumbling of the protein (17, 19) .
Structure Determination -Taking into account that the domains of the L7 dimer are almost independent in solution and remain in the separated states most of the time, we calculated their spatial structures individually to optimize the computational task. respectively. Additionally, two representative structures of whole L7 dimer (PDB accession code 1RQU and 1RQV) were generated using the NMR structures of the L7 domains mutually remote and linked by two hinge regions, either both of which were unstructured or one of them had been turned in a helix with a fashion similar to the crystal structure (24) .
Tertiary fold of L7/L12 in solution -
The data presented in this paper indicate that overall structure of L7 dimer in solution can be described as a set of three distinct domains, tumbling almost independently and linked via flexible hinge regions. Fig. 3 shows the ribbon and surface representations of the L7 dimer structure. It is seen that the hydrophobic and hydrophilic areas are almost uniformly distributed over the entire surface of the L7 domains, but the dNTD and especially the hinge region are less polar than the CTDs (Fig. 3b) . The dNTD responsible for anchoring into the ribosome (6) carries mainly negative surface charge, whereas the CTD has large clusters of both negatively and positively charged areas, which may be involved in elongation factor binding (Fig. 3c) . Indeed it was found that the head cluster of basic amino acids located on the CTD helices α4
and α5 can be used by L7/L12 to interact with EF-Tu in a manner similar to elongation factor Ts (45). The point mutation L7/L12(K70A) in this cluster had a strong inhibitory effect on Pi release from EF-G·GDP·Pi complex on the ribosome (46). The hinge region have three negatively charged Glu residues in its C-terminal part ( Differences between the two structures correspond primarily to a small translational displacement of the helices relative to one another.
The CTD adopts a compact fold made up of three antiparallel α-helices arranged in a curved layer over three β-strands joined to a twisted antiparallel β-sheet that permits a classification of the CTD as an α/β protein (Fig. 2b) . The sequential arrangement of the secondary structure elements is β1, α4, α5, β2, α6 and β3 spanning residues 53-60, 65-76, 80-88, 92-98, 100-113 and 116-120, respectively. Overall, the backbone conformation of the CTD in solution is very similar to that of the crystalline CTD from E. coli (23) shape for rotational diffusion ellipsoid of the CTD, significant difference in the predicted degree of rotational anisotropy indicates that rotational diffusion of the CTD is not completely independent upon the rest of the protein.
[ Fig. 4 here]
Rotational diffusion tensor D r for the CTD has been calculated from 15 N R 1 and R 2 data for a limited set of residues with 1 H{
15
N} NOE higher than 0.6 (47), which belong to the regular secondary structure elements. Fig. 4b , however, shows that the effective τ R predicted from obtained D r correspond well to those calculated from R 2 /R 1 ratio for majority of the CTD residues. Hence, variations of R 1 and R 2 within the CTD are mostly due to its anisotropic rotation diffusion rather than ms/µs conformational exchange or ps/ns internal motions. The only exception is the residue Asn 64 where the effective τ R calculated from the experimental R 2 /R 1 is considerably higher than the value predicted from D r , possibly resulting from small exchange contribution to 15 N R 2 of this residue, which can arise from structural interconversion (see Supplementary material).
Thus, the domain tumbling of L7 is slower than expected for the single modules, suggesting motional restrictions imposed by other domains via hinge linker. In a model comprising three non-interacting domains joined by a long linking segments, reorientation of the individual domains in not quite isotropic and is the most rapid around the axis that connect the center of each module with the linker. This is consistent with the rotational diffusion tensor we derived. Overall, the NMR data indicate that the relative orientations of the domains in the L7 dimer is not fixed in solution, that the domains do not stably interact with one another, and that each domain constitutes an autonomous structural unit.
DISCUSSION

Dimerization mode of L7/L12 in solution -
A recent crystal structure of L12 from the T. maritime shows two alternative dimerization modes (24) of the protein associated into tetramer in the asymmetric unit. In the first mode, the two full-length L12 monomers form a tight symmetric and parallel 'core dimer' held together by a four-helix bundle that encompasses two α2 helices and two hinge regions in α-helical conformation. In the second dimerization mode both full-length molecules are furthermore associated in antiparallel configuration with an N-terminal L12 fragments via a five-helix bundle that incorporates two α1, two α2 helices, and the hinge α3-helix of only one partner, forming two so-called 'peripheral dimers'. The presented NMR structure of L7 dimer in solution supports conclusively the second mode of dimerization, namely the antiparallel configuration of the N-terminus α-hairpins in the dNTD. Then the first dimerization mode of crystalline L7/L12 may result from the crystal packing and/or the conditions used for crystallizing the protein.
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As seen in Fig. 5a , the NTD α-helices are amphipathic, that results in a continuous and almost perfectly aligned surface of hydrophobic residues conserved throughout the L7/L12 family, which cover the inside concave face of the NTD α−α-hairpin. Such a position of the hydrophobic residues is well suited for a nearly antiparallel interaction of two α−α-hairpins through the hydrophobic surfaces, giving rise to a tight four-helical bundle. The interhelical angle in each α−α-hairpin is large, which gives rise to two deep hydrophobic clefts (Fig. 5b) between the pairs of helices α1-α1' and α2-α2' from both monomers. In the crystalline L7/L12 structure the hinge helix α3 is engaged in the hydrophobic α2-α2' cleft elongated through the entire top surface of the dNTD. The remaining hydrophobic α1-α1' cleft including the L7 N-terminus is possibly essential for the dNTD anchoring into ribosome via protein L10. Thus, NMR and x-ray crystallography shows two alternative conformations for the hinge region, an extended coil or a long α-helix that folds back on the dNTD forming a compact overall protein structure.
[ dimer is α-helical in the crystalline state, our NMR data conclusively show that this region is highly flexible through the entire length. The flexible hinge conformation agrees better with the body of evidence indicating that the protein L7/L12 has a great deal of overall flexibility in its complex with the protein L10 (19) and in the ribosome body (7, 49) . Clearly, the flexibility of the hinge region is a key property allowing the diversity of L7/L12 structure in the ribosome and permitting rearrangement of the relative positions of the L7/L12 domains to achieve optimal intermolecular interaction during translation process.
The structure of the hinge region in solution is likely to represent an average over an ensemble of interconverting extended and bent conformations. The L7/L12 hinge region has a large number of hydrophobic residues of valine and alanine having high helix propensities (50). As stated above, the amide protons of hinge valine residues exhibit slower exchange with the bulk water, which suggests that any dynamic disorder is correlated to protect the hydrophobic residues from contact with the aqueous solvent. Perhaps, the hinge residues arrange themselves in such a way as to exclude solvent, but these structures are transitory. The fact that the 15 N{ 1 H} NOE values fall down by steps of 3-4 residues (Fig. 1a) is an additional hint to the existence of molten helical elements at least in the first part (residues 33-43) of the hinge region. Indeed, such stepwise decrease of 15 N{ revealed by disproportional quadrupling (at least) and/or tailing of the amide cross peaks in the NMR spectra (see Supplementary Fig. 2S ). The cis-trans isomerization of the Gly 43-Pro 44 peptide bond was earlier proved by our NMR study (16) . The slow conformational exchange between the four species of hinge region can arise through interference of Pro-mediated cis and trans isomers from each monomer of the dimer. This may also indicate that two hinge regions of the L7 dimer are curled into transient structures, which experience random interaction between themselves resulting in the signal quadrupling especially pronounced in the first half (residues 33-43) of the hinge region.
Overall, these findings suggest that the hinge region can undergo a helix-coil transition in aqueous solution, whereas in a nonpolar environment it prefers to fold into a long α-helix, which closes up the hydrophobic cleft of the dNTD. Therefore, certain protein properties should be very sensitive to mild variations of local environment, which might be coupled with binding and release of elongation factors to/from the ribosome. This is supported by earlier observations of the variable helical content of L7/L12 dependant upon the external conditions (51). Another interesting finding is that the hinge-binding hydrophobic cleft of the dNTD allows only one of the hinge regions of the dimer to adopt a helical conformation in this position (24) . Hence, the L7/L12 dimer can have one retracted CTD due to the presence of a helical hinge region and one remote CTD (52) (Fig. 6 ). This is consistent with the chemical cross-linking data and cryo-electron microscopy data obtained with radio-and Nanogold-labeled L7/L12, respectively, indicating a ribosomal site for the CTD adjacent to the dNTD and remote sites at the distances up to the combined length of the CTD and extended hinge region (53, 54) . Thus, although the dNTD remains tied with the protein L10, the CTDs can visit different locations on the ribosome depending on the conformation of the hinge region (52). The association of the elongation factors with the ribosome could change the environment from polar to more hydrophobic and cause helical contraction of the hinge region, while dissociation of the elongation factors after GTP hydrolysis and Pi release (3) leads to extended hinge. The monomers in the L7/L12 dimer could alternate between the helical and extended states of the hinge region in response to changes of the local environment conditions. As a result, the CTDs would be able to close up and go backwards to/from the elongation factors and the ribosomal body.
[ the L7/L12 stalk with GTP-holding elongation factors, EF-G and EF-Tu, were observed (10, 11) . Recently a bifurcation of the L7/L12 stalk after EF-G·GMPPCP binding to the ribosome and its reversal to a single, elongated form after GTP hydrolysis was detected (58) . Moreover, it was found that the changes in the L7/L12 stalk upon EF-G·GTP binding and then during GTP cleavage are accompanied by conformational alterations in both ribosomal subunits (3, 4) , which suggests long-range conformational shifts within ribosome during translocation process. In particular, the binding of the EF-G to the pretranslocational ribosome leads to a small counter-clockwise rotational movement of the small subunit relative to the large subunit in the direction of the mRNA movement (59, 60) . The EF-G dissociation induces the backward rotation (59, 60) . These "ratchet-like" rotational motions of the ribosomal subunits during the interaction with EF-G were suggested to be fundamental for the translocation process (59) . Overall, the conformation of L7/L12 is modulated by interaction of the elongation factors with the ribosome and depends on hydrolysis of GTP (3) (4) (5) (6) (7) (8) , but the details of these processes are yet unclear.
The L7/L12 dimers are associated with the ribosome by their dNTDs via protein L10 (6, 19, 61) .
Although the spatial structure of the protein L10 is not know at present, it is established that hydrophobic interactions are responsible for binding the L7/L12 dNTD to the protein L10 (62) and that the dNTD is mobile in the complex with L10 (19) . Our present results and literature data suggest that the hinge regions within ribosomal L7/L12 stalk may act as a molecular switch (Fig. 6, 7 ) alternating 'closed' and 'open' conformations of the dNTD hinge-binding cleft depending on elongation factor association with ribosome during different steps of elongation cycle. According to the NMR structure of the L7 dimer, in the open conformation there are two highly hydrophobic surfaces (H1 and H2 on the Fig. 5b ) on the exposed sides of the dNTD hinge-binding cleft. In order for L7 to form stable complex with L10, these hydrophobic surfaces must contact hydrophobic regions of the protein L10 (H1' and H2', Fig. 7 ). There are also two smaller hydrophobic patches (h1 and h2 on the Fig. 5b ) located on the back and front surfaces of the dNTD, formed by the exposed side chains of the highly conserved residues Ile 8 and Ala 25, that also should have hydrophobic counterparts on the surface of L10 (h1' and h2' on the Fig. 7 ). In the vicinity of each of the four hydrophobic regions of L7 there is a positively charged side chain of Lys residue (Fig. 5c) , located nearly identically with respect to the hydrophobic region. According to crystal structure (24) , when one of the two hinge regions folds into helix, the helix associates with the hingebinding cleft in such a way, that one of the exposed sides of the cleft (e.g. H1) is almost closed by this helix (Fig. 7b) . Since the C-terminal part of the hinge region and the CTD are strongly charged (Fig. 2c) , in the 'closed' conformation the environment around H1 changes from nonpolar to strongly polar, weakening or destroying the hydrophobic contact between the closed edge of the cleft and its counterpart on the L10 surface.
This makes the initial configuration of dNTD-L10 complex unfavorable and can cause a subsequent conformational change. In the 'closed' conformation the surface of the closed H1 mimics the surfaces around h1 and h2, namely, it consists of a small hydrophobic spot with adjacent positive charge of Lys residue surrounded by negatively charged area. Thus, if the dNTD rotates around its symmetry axis, the closed H1 can superpose over the region on the L10 surface, originally corresponding to one of the two hydrophobic patches, h1 or h2. At that, it takes a clockwise rotation by about 60 o to combine it with h1' and by about 120 o in the opposite direction to combine with h2'.
[ Fig. 7 here]
This suggests a hypothesis that after the L7/L12 hinge region folds upon binding the elongation factors, the dNTD rotates to move H1 with the charged CTD away from the highly hydrophobic region H1' of L10. As depicted in the Fig. 7b , there are two allowable (preferable) positions for the L7/L12, in which H1 would face the surface of L10, initially occupied by h1 or h2. The clockwise rotation (H1 to h1) seems more preferable for several reasons. First of all, h1 is spatially closer to H1 and the rotation transposing H1 to h1 does not require a Lys residue to transverse the highly hydrophobic region H1'. Besides, the clockwise rotation of the L7/L12 complex with the elongation factors is consistent with the counter-clockwise rotational movement of the small ribosomal subunit relative to the large subunit upon EF-G binding (59, 60) . The rotation would result in the transition of the whole system to a "spring-loaded" state (Fig. 7c) . Subsequent events (e.g. dissociation of elongation factors from the ribosome) cause unfolding of the L7/L12 hinge helix (Fig. 7d ) and backwards rotation of the dNTD to the initial position (Fig. 7a) . Thus, the conformational switching of L7/L12 between open and closed states should result in "ratchet-like" rotational movements around the symmetry axis of the dNTD.
Concluding remarks -High resolution NMR structure of the ribosomal protein L7/L12 in the solution along with its dynamics properties and the bulk of available literature data suggest hypothesis that the L7/L12
acts as a molecular switch in the course of translation process. Namely, binding of elongation factors to the ribosome causes folding of the L7/L12 hinge region to the base of L7/L12 stalk that induces reversible rotation of L7/L12 relative to the ribosome surface. The hypothesis itself and how it might relate to other motions within functioning ribosome (e.g. with "ratched-like" motions of ribosome subunits (59, 60) and translocational mechanism) remains to be tested. 
SUPPLEMENTARY MATERIALS
Supplementary materials are available containing the detailed descriptions of the RDCs measured, the structure calculation protocol for the L7 dNTD, the secondary structure elements of the L7 domains, and slow conformational exchange of Phe 30 and Asn 64 with three illustrating figures. The co-monomer NOE is a NOE connectivity which has both inter-and intramonomer contribution in a symmetric oligomer (63) . Spectrosc. 32, 107-139) was used to include 40 distance restraints resulting from the co-monomer NOEs, which were treated in an ambiguous fashion during the final structure calculation round implemented in the program CYANA. In total, 34 intermolecular contacts per monomer of the dNTD were assigned unambiguously, corresponding to a total of 68 distance constraints for the dimer interface, and these were sufficiently distributed to establish the antiparallel nature of dimer symmetry. Thus, the proportion of inter-and co-monomer restraints calculations, yet the pairwise r.m.s.d. between the mean subunit structures is low, reflecting the expected symmetry between the two subunits in solutions. 
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